1. Introduction {#sec1}
===============

Breast milk is the most major food for mammals after birth. It is rich in proteins, fats, carbohydrates and some biological active substances, providing sufficient energy and nutrition for the healthy growth and development of babies ([@bib14]). Prebiotics, as the third largest active nutrient in breast milk, are almost absent in standard infant formulas ([@bib21]). [@bib35] found that the intestinal microflora of breastfed infants were different from those of infants fed standard infant formula. Adding prebiotics to standard infant formula can increase its nutritional value. Prebiotics, including oligosaccharides, polysaccharides, polyols, plant extracts, and protein hydrolysates, cannot be degraded by the animals themselves, but can selectively stimulate the growth of beneficial bacteria in the intestine. Polydextrose as a polysaccharide has a role of prebiotics ([@bib21]). At present, prebiotics that are widely used in human food include lactulose, galacto-oligosaccharide (GOS), fructo-oligosaccharide (FOS), inulin and its hydrolysates, maltose oligosaccharide, and resistant starch ([@bib1]). Clinical trials have shown that inulinase-type FOS and GOS have good effects on human digestive and immune health ([@bib28]); GOS and polydextrose can improve the nutrition absorption and possibly enhance their memory through non-humoral regulation mechanism of pigs and Sprague Dawley (SD) rats ([@bib8], [@bib23]); polydextrose also affects nutrient uptake, immune regulation, and intestinal function of animals.

In 2011, European Society of Infantile Gastroenterology gave scientific evidence that adding prebiotics to formulas generally did not cause safety and growth side effects in healthy infants ([@bib5], [@bib30]). Some studies showed that the addition of prebiotics to infant formula could improve the intestinal microflora of infants by reducing fecal pH and by increasing short chain fatty acid (SCFA), especially the proliferation of beneficial bacteria such as *Bifidobacterium* and *Lactobacillus*, and the inhibition of harmful bacteria such as *Clostridium* ([@bib13], [@bib6], [@bib10], [@bib36]). On the other hand, other studies showed that prebiotics supplementation in infant formula had no effect on growth, tolerance, gastrointestinal infections, respiratory tract infections, and allergic manifestations ([@bib29]). Prebiotics or probiotics could increase intestinal disaccharidases activity by: 1) proliferating beneficial bacteria in the intestine such as *Lactobacillus*; 2) providing energy directly for the intestine to improve intestinal mucosal growth; 3) increasing the relative expression of related genes, and so on ([@bib27], [@bib11], [@bib17], [@bib32], [@bib16]). Phosphorus absorption in the small intestine could be related to intestinal pH, the relative expression of related genes, and transporter levels ([@bib20]). However, researchers currently have no consensus on the safety and efficacy of the supplementation of infant formula with prebiotics. Therefore, the research on the safety and efficacy of formula supplemented with prebiotics has become a major task for nutrition researchers. The purpose of this experiment was to study the effects of the supplementation of infant formula with prebiotics on enzyme activity and phosphate uptake in the small intestine of SD rats, and to provide a scientific basis that formula milk better adapts to the nutritional needs of Chinese infants for healthy growth and development.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

This research was performed in accordance with protocols approved by the Central South University Institutional Animal Care and Use Committee, China. A written informed consent was obtained from the university prior to the study.

In the study, infant formulas were produced by Ausnutria Dairy Corporation Ltd. (China). Infant formulas used in this study are as follows: a standard infant formula, the standard infant formula supplemented with 2.13% of oligosaccharides (1.85% of FOS and 0.28% of GOS), and the standard infant formula supplemented with 2.20% of polyglucose.

Feeds used in this study were produced by Hunan Experimental Animal Co., Ltd., China. Each feed was a mixture of corn, wheat bran and the infant formula in the ratio of 7:2:1. Corn, wheat bran and the standard infant formula were mixed in the ratio of 7:2:1 for feed 1. Corn, wheat bran and the standard infant formula supplemented with oligosaccharides were mixed in the ratio of 7:2:1 for feed 2. Corn, wheat bran and the standard infant formula supplemented with polysaccharides were mixed in the ratio of 7:2:1 for feed 3.

2.2. Animals {#sec2.2}
------------

A total of 48 healthy SD rats, at 15 days old (a week before weaning) and weighed 27.50 to 31.28 g, were obtained from Changsha Biological Technology Co., Ltd., China. The animals were reared in a specific pathogen free animal laboratory (Xiangya School of Public Health of Central South University, China) with controlled temperature (20 to 26 °C), humidity (40% to 70%), and photoperiod (12 h:12 h light--dark cycle).

2.3. Experimental design {#sec2.3}
------------------------

All rats were adaptively fed for 3 d and randomly divided into 3 groups: A, B, C, with 16 rats per group. Rats in groups A, B, C were fed the standard infant formula, the standard infant formula supplemented with oligosaccharides, and the standard infant formula supplemented with polysaccharides, respectively. The feeding test was conducted for 28 d. Feeding status and methods are shown in [Table 1](#tbl1){ref-type="table"}.Table 1Feeding status and methods of Sprague Dawley (SD) rats.Table 1ItemTreatments[1](#tbl1fn1){ref-type="table-fn"}Group AGroup BGroup C1 to 7 d (phase 1)Milk 1Milk 2Milk 38 to 28 d (phase 2)Milk 1 + Feed 1Milk 2 + Feed 2Milk 3 + Feed 3[^1]

2.4. Samples collection {#sec2.4}
-----------------------

The rats were starved overnight and weighed on the 29th day. After the eyeballs were taken, rats were sacrificed by cervical dislocation, and then the abdominal cavity was opened. The stomach, liver, spleen, kidney, pancreas, and small intestine were separated to observe whether there were any lesions. The gastrointestinal tract was quickly removed. Segments of the small intestine were taken immediately and prepared for Ussing chamber studies. The anterior and posterior segments of the small intestine were collected, and intestinal linings were rinsed with normal saline and stored at −80 °C.

2.5. Using *ex vivo* Ussing chamber to measure phosphate absorption function of the small intestine {#sec2.5}
---------------------------------------------------------------------------------------------------

The gastrointestinal tract was gently washed with 0.9% physiological saline and rapidly incubated in the Hepes-Tris buffer in an ice bath for 5 min. Then the serosa of intestine was rapidly stripped and removed, and the rest of intestinal mucosa was fixed in the diffusion cell of an Ussing chamber. Four milliliter of Hepes-Tris buffer was added to both sides of the reaction chamber. After the circuit connection was stabilized, 1 mL of 0.21% phosphorus stock solution was added to the diffusion chamber and then 1 mL of mannitol of the same concentration was added to the receiving chamber (both were preheated to 37 °C, and mixed 95% O~2~ and 5% CO~2~). Solution samples, 1.5 mL each, were respectively taken from the receiving and diffusion chamber after 45 min to be detected.

2.6. Activities of sucrose and lactase in the small intestine {#sec2.6}
-------------------------------------------------------------

Each sample (0.2 to 1.0 g) from the anterior and posterior segments of the small intestine was taken, then according to the tissue to physiological saline ratio (1:9), 0.86% cold saline was added, and samples were homogenized under ice cooling. Then the sample were centrifuged at 3,000 × *g* at 4 °C for 15 min, and then the supernatant was taken to be tested. The activities of sucrose and lactase enzyme in the anterior and posterior segments of the small intestine were determined by the colorimetric method, and the concentration of tissue protein was measured by using the microplate technique.

2.7. mRNA expression analysis by real-time quantitative polymerase chain reaction (PCR) {#sec2.7}
---------------------------------------------------------------------------------------

The Trizol reagent (Invitrogen Life Technologies) was used to extract total RNA from the anterior and posterior segments of the small intestine, and reverse transcription was performed according to the methods and procedures described in the reverse transcription kit. Then the total mRNA was used as a template to reverse transcribe the cDNA. The reaction procedure was as follows: 95 °C, 10 min; 95 °C, 15 s; 60 °C, 60 s (40 cycles were repeated). Actin was selected as the reference gene, and the relative expression of each target gene mRNA was calculated using the 2^−ΔΔCt^ method, and target genes were lactase, *Mgam* and *Na/Pi-IIb*. The primer sequences for each gene are shown in [Table 2](#tbl2){ref-type="table"}.Table 2Primer sequences used in the real-time PCR.Table 2GenePrimer (5′ to 3′)Accession numberLength, bpActinF-CATCCTGCGTCTGGACCTGG\
R-TAATGTCACGCACGATTTCCNM_031144116LactaseF-CTGCCCTCTTTCTTGTCTCAGTATTT\
R-TGCTTCCTGGTCTGGATTCTTGNM_053841.1126*Mgam*F-CATGGTGCTTCTGAGGCAAAC\
R-GCAGCATTTCGTTCTTGTGATAGNM_001171003.1241*Na/Pi-IIb*F-ATTGGCACCACCACGACTG\
R-GAAGACTGCGAACCAGCGATANM_053380.2207

2.8. Statistical analysis {#sec2.8}
-------------------------

The data were presented as means ± SD and analyzed by Independent-Samples *t* Test between the control and trial groups by significant difference using SPSS software (SPSS, V.21.0). Differences were considered statistically significant at *P* \< 0.05. Data were used for plotting the figures with the GraphPad Prism 5 software.

3. Results {#sec3}
==========

3.1. Activities of sucrase and lactase in the small intestine {#sec3.1}
-------------------------------------------------------------

The activities of sucrase and lactase in the small intestine are shown in [Fig. 1](#fig1){ref-type="fig"}. Compared with group A, the activities of sucrase and lactase in the small intestine of group B were increased, but not significantly (*P* \> 0.05), and the activities of sucrase and lactase in the small intestine of the group C were significantly increased (*P* \< 0.05).Fig. 1Lactase (A) and sucrase (B) activities in the small intestine of Sprague Dawley (SD) rats in different groups. \* means significant difference among 3 groups (*P* \< 0.05).Fig. 1

3.2. Expressions of enzyme genes in the small intestine {#sec3.2}
-------------------------------------------------------

The expressions of enzyme genes in the small intestine are shown in [Fig. 2](#fig2){ref-type="fig"}. In comparison with group A, the expression levels of lactase gene in the anterior and posterior segments of the small intestine were significantly increased in group C (*P* \< 0.05); the expression level of *Mgam* gene in the posterior segment of the small intestine was significantly increased in group C (*P* \< 0.05).Fig. 2Relative expressions of enzyme genes, Lactase (A) and *Mgam* (B), in the small intestine of Sprague Dawley (SD) rats in different groups. \* means significant difference among 3 groups (*P* \< 0.05).Fig. 2

3.3. Absorptive function of phosphate in the small intestine biopsy samples {#sec3.3}
---------------------------------------------------------------------------

[Fig. 3](#fig3){ref-type="fig"} shows phosphate absorption in the small intestine biopsy specimens of SD rats. In comparison with group A, the phosphate *in vitro* absorption rate in the small intestine was increased in groups B and C, but not significantly (*P* \> 0.05).Fig. 3Phosphate *in vitro* absorption rate in the small intestine of Sprague Dawley (SD) rats in different groups.Fig. 3

3.4. Expression of *Na/Pi-IIb* gene in the small intestine {#sec3.4}
----------------------------------------------------------

[Fig. 4](#fig4){ref-type="fig"} shows the expression of *Na/Pi-IIb* gene in the small intestine of SD rats. Compared with group A, the expression level of *Na/Pi-IIb* gene in the anterior and posterior segments of the small intestine were significantly increased in group C (*P* \< 0.05).Fig. 4The relative expression of *Na/Pi-IIb* gene in the small intestine of Sprague Dawley (SD) rats in different groups. \* means significant difference among 3 groups (*P* \< 0.05).Fig. 4

4. Discussion {#sec4}
=============

4.1. Prebiotics effects on enzyme activity in the small intestine {#sec4.1}
-----------------------------------------------------------------

The present results suggest that the standard infant formula supplemented with polysaccharides can significantly improve enzyme activities in the small intestine of SD rats, but the supplementation of neither polysaccharides nor oligosaccharides has any significant effect on phosphate uptake in the small intestine. A considerable number of studies showed that milk has evolved the most important food source for mammals during infancy, and oligosaccharides are the most prebiotic components in milk ([@bib4], [@bib26], [@bib42]). But the total and major type of oligosaccharides are more abundant in human milk than in other mammalian milks ([@bib24]). The structural composition of human milk oligosaccharides (HMO) mostly determines the biological function ([@bib3]). Studies also have concluded that the HMO can improve the activity of *Bifidobacteria* and then reduce pathogenic bacteria ([@bib18], [@bib43]).

Lactose as the main nutritive carbohydrate abundant in milk can only be absorbed by the intestine when it breaks down into monosaccharides under the action of lactase. In general, the activity of lactase in the intestine of mammals decreased after weaning, but some factors can also affect the small intestinal lactase activity such as the composition of the diet (especially lactose content), the relative expression of lactase gene, and so on ([@bib34], [@bib39]). The mainly carbohydrates in the diet of adult mammalian are starches, and *Mgam* gene encodes maltase-glucoamylase, which plays an important role in starch digestion and enteral monosaccharide uptake ([@bib9], [@bib19], [@bib40]).

The importance of prebiotics has been recognized due to their fermentative function, nutritional and health benefits that help in promoting the proliferation of *Bifidobacteria* and *Lactobacillus*, and the previous studies showed that probiotics can decrease the brush border injury in the intestine by enhancing the activities of lactase and sucrase, and the reverse is also effective ([@bib15], [@bib31], [@bib11], [@bib32]). However, lactase activity in the small intestine was greater in trial groups than in the control group, especially the supplementation of infant formula with polysaccharides, at the same time, the mRNA expression of lactase gene in each segment of the small intestine was higher in infant formula supplemented with polysaccharides than in the standard infant formula. The reasons of these results are that the standard infant formula supplemented with prebiotics can increase the activities of lactase and sucrase, which maybe by increasing the relative expression of lactase gene in the small intestine or by improving intestinal integrity. On the other hand, the standard infant formula supplemented with polysaccharides can help the neonates better adapt to diets after weaning, which maybe by improving the sucrase activity and the expression of *Mgam* gene.

4.2. Prebiotics effects on phosphate absorption in the small intestine {#sec4.2}
----------------------------------------------------------------------

Phosphorus, an indispensable element in the growth and development of animals, plays an important role in bone formation, energy metabolism, nucleic acid synthesis, cell signal transduction, and maintenance of blood acid-base balance ([@bib38], [@bib25]). Phosphorus reabsorption in the kidney depends on the NaPi-IIa and NaPi-IIc cotransporter, and the absorption in the intestine depends on the NaPi-IIb cotransporter, which are affected by the mRNA expressions of related genes and hyperphosphatemia ([@bib37], [@bib2], [@bib41], [@bib33]). Prebiotics have been proven to improve the intestinal transport of calcium and protein in rats, however the effect of supplementation of infant formula with prebiotics on phosphorus absorption has rarely been studied. The results showed that the supplementation of infant formula with prebiotics caused significantly higher relative expression of *Na/Pi-IIb* gene than the standard infant formula. The supplementation of infant formula with prebiotics can promote the absorptive function of phosphate in the small intestine by increasing the relative expression of *Na/Pi-IIb* gene or by decreasing intestinal injury, but the effect on absorptive function of phosphate in the small intestine has no significant difference among groups, which may due to *Na/Pi-IIb* transporter of intestinal cells *in vitro* going down, and the specific mechanism of the research needs further exploration.

The supplementation of infant formula with prebiotics can promote enzyme activity in the small intestine by increasing the mRNA expression of relative gene or by decreasing intestinal injury, and can increase the relative expression of *Na/Pi-IIb* gene. The effect of polysaccharides is better than that of oligosaccharides.
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[^1]: Milk 1 was formulated according to the standard infant formula to water ratio at 1:3. Milk 2 was formulated according to the standard infant formula supplemented with oligosaccharides to water ratio at 1:3. Milk 3 was formulated according to the standard infant formula supplemented with polysaccharides to water ratio at 1:3. Corn, wheat bran and the standard infant formula were mixed in the ratio of 7:2:1 for Feed 1. Corn, wheat bran and the standard infant formula supplemented with oligosaccharides were mixed in the ratio of 7:2:1 for Feed 2. Corn, wheat bran and the standard infant formula supplemented with polysaccharides were mixed in the ratio of 7:2:1 for Feed 3. The milk and the feed were mixed in the ratio of 7:3 in phase 2 (Milk: Feed = 7:3).
